Random access protocols are a key feature of a family of emerging communication networks such as machine-to-machine, radio frequency identification (RFID), and sensor networks. To accommodate the needs of such networks with a massive number of uncoordinated devices, new random multiple access (MAC) protocols have been proposed that aim to improve the system efficiency by resolving collisions in the received signal. In this work, we consider one of such protocols, called frameless ALOHA, and propose two techniques to improve its energy efficiency without sacrificing the network throughput. More specifically, we propose mechanisms to adaptively control the access probability at the users. The proposed mechanisms are local and like the original frameless ALOHA, no coordination between the users is needed. Our simulation results verify the improvement achieved in the energy efficiency by the proposed techniques.
Introduction
Most communication networks consist of a number of users sharing a common medium (channel) for data communication. Depending on the requirements of the users and available resources of the network, two types of medium access control (MAC) protocols have been mainly employed to facilitate the users' access to the common channel. In the first type of MAC protocols, users share the medium in an organized predetermined fashion such that interference is fully avoided at the network. However, in the second approach, users share the medium in a random and distributed manner which makes it more flexible compared to the first approach at the price of occasional collisions in the network. Moreover, random MAC protocols make better use of the network resources when users have sporadic traffic behavior.
Among the random MAC protocols for wireless systems, ALOHA [1] and its modified versions have been widely used for many wireless setups. Accommodating the needs of emerging wireless applications (e.g., radio frequency identification (RFID), machine-tomachine (M2M), and wireless sensor networks), however, *Correspondence: moslem@ualberta.ca Department of Electrical and Computer Engineering, University of Alberta, Edmonton, Canada poses new challenges in MAC design and further modifications on ALOHA are needed [2, 3] . More specifically, in such networks, there often exist a large number of uncoordinated battery-powered devices with power resources. This necessitates devising random MAC protocols that are energy-efficient yet have high enough throughput to handle the traffic load. To this end, many studies have investigated the ways to improve the throughput and/or energy efficiency of the original ALOHA protocol to meet the demands of these networks. In this paper, we focus on further advancing the existing results on high-throughput energy-efficient ALOHA random access protocols.
The organization of the rest of the paper is as follows. An overview on the state of the art of ALOHA protocols is presented in Section 2. The contributions of this paper are summarized in Section 3. Then, Section 4 formally introduces the system model for frameless slotted ALOHA as the basis of our work. Our proposed adaptive transmission strategies to improve the energy efficiency of frameless slotted ALOHA is discussed in Section 5. Simulation results are presented in Section 6. Finally, Section 7 concludes the paper.
State of the art on ALOHA protocol
The first version of ALOHA, also known as pure ALOHA, is a distributed random access in which each user transmits whenever it has a packet for transmission. There is no time slot in pure ALOHA, and all the packets are of the same size. Successful transmissions are the ones that do not bare any interference. The achievable throughput, T, defined as the average number of successful packet transmissions per packet time, in this scheme is 1 2e . The introduction of slotted [4] and framed slotted [5] ALOHA was among the first attempts to improve the throughput of pure ALOHA protocol. In slotted ALOHA, the shared access time is divided into slots of equal duration. Users are only allowed to send their packets at the beginning of a time slot. Only collision free packets, i.e., the ones that are not interfered by packets transmitted by other users, are counted as successful transmissions. This random access scheme doubles the achievable throughput of pure ALOHA reaching a throughput of 1 e . Framed slotted ALOHA [5] is a version of slotted ALOHA where the shared access time is divided into frames, consisting of M time slots. Each user may have a transmission in a frame with probability p, called the access probability. Every user who intends to transmit randomly and uniformly selects one of the time slots in the frame to transmit its packet. Same as the slotted ALOHA scheme, only collision-free slots are considered as successful transmissions in a frame. The maximum throughput of the framed slotted ALOHA is also 1 e . However, framed slotted ALOHA has a lower implementation complexity compared to slotted ALOHA since the synchronization among the users is on the basis of a frame rather than a time slot.
In an attempt to further improve the throughput of the framed slotted ALOHA, the authors in [6] propose the idea of transmission of several replicas of the same user message within a frame. This idea was further developed in [7] , by introducing successive interference cancellation (SIC) technique which considerably increases the throughput of the framed slotted ALOHA. To this end, the receiver first resolves the collision-free packets within a frame. Then, the corresponding interferences of the these packets in other slots are canceled. By doing such, some other time slots may become interference-free which in turn results in resolving new packets. The process of resolving packets through successively canceling the interference continues until either no more time slot becomes interference-free or all the packets in that frame are resolved.
The idea of repeating users' messages was later improved through irregular repetition method [8] where the number of replicas sent by the users follows a specific probability distribution function. By optimizing this probability distribution function, it is shown in [8] that the throughput of the framed slotted ALOHA can be even further improved.
More recently in [9] , a new technique, called frameless ALOHA, has been developed. Unlike conventional framed slotted ALOHA protocols and inspired by the concept of rateless coding [10] , frameless ALOHA avoids using frames with a fixed number of slots. Instead, users attempt to transmit their packets during consecutiveve contention rounds that can be seen as frames with variable number of slots. The length of each contention round is enforced by stopping criteria that are defined based on the number of resolved packets and the instantaneous throughput at the destination. Using such a dynamic approach for adjusting the length of contention rounds and employing SIC at the destination, frameless ALOHA increases the network throughput, and consequently its energy efficiency, compared to the previous variations of ALOHA protocol. Frameless slotted ALOHA is the base of our work in this paper and is explained further in detail later.
Similar to ALOHA throughput improvement, different approaches have been proposed to improve the energy efficiency of (framed) slotted ALOHA [11] [12] [13] [14] . For instance, optimizing the frame size [11] and nodes' access (transmission) probabilities [12] are ways to improve the energy efficiency of slotted ALOHA. The work reported in [13] also suggests a probabilistic approach, called tree slotted ALOHA, to lower the number of transmissions in the system which consequently results in energy saving. In this work, we attempt to improve the energy efficiency of ALOHA protocol via exploiting adaptive access probabilities at the users. Details of our contribution are outlined in the following section.
Summary of contributions
The focus of this paper is on improving the energy efficiency of frameless slotted ALOHA which is one of the best performing ALOHA protocols in terms of throughput. Frameless ALOHA is also highly decentralized; thus, improving its energy efficiency would make it even more suitable for applications in M2M, RFID, and sensor networks.
To be more specific, we propose two adaptive frameless slotted ALOHA protocols to maximize the energy efficiency of the access strategy while a desired throughput is guaranteed. The basic idea behind our proposed schemes is to adaptively change the access probability of the users. That is, all users start with the same access probability at the start of the contention round. Later, each user locally updates its current access probability based on whether it has transmitted in the previous time slot or not. For this, if the user transmitted in the previous time slot, it decreases its current access probability and increases the access probability otherwise. The rationale behind this strategy is to give a higher chance to the users that have not transmitted previously and protect them from the possible interference caused by the users that have already made a transmission.
The difference between our two proposed schemes is in the step size by which the access probability changes adaptively. While the first proposed scheme employs a fixed step size, the second one benefits from variable step sizes. To further improve the performance of the suggested schemes, optimizing the step sizes are also considered. In fact, to achieve the best energy efficiency performance, we jointly optimize the stopping criteria and initial access probability of the frameless ALOHA and the step sizes of our proposed schemes.
As we discuss later in the paper, in the second proposed approach, by setting a simple relation between the increase and decrease step sizes, but letting them to change from one time slot to another, we are able to simplify the optimization problem yet surprisingly further improve the energy saving. Numerical results show that our proposed schemes significantly improve the energy efficiency of the network by reducing the average number of transmissions per time slot. In some cases, the reported energy saving reaches an outstanding value of 20 % when a variable step size is used. It is worth mentioning that our proposed approaches are distributed and such performance improvement is achieved without extra cost of central monitoring or hand shaking between the users and the base station (BS).
System model
We assume that there are N users in the network, denoted by u i where i ∈ N = {1, 2, . . . , N} 1 . Users always have packets ready for transmission to the BS and employ frameless slotted ALOHA as the access protocol to share the channel. Like any other slotted ALOHA protocol, in frameless slotted ALOHA, the access time to the channel is divided into equal duration slots. The length of each slot is equal to the time needed to transmit a packet plus a possible guard time to counteract propagation delays [15] . Similar to the original slotted ALOHA protocol, users are synchronized on the slot basis for example via using a global synchronization mechanism [4] .
However, opposed to framed ALOHA, users' transmissions do not happen within fixed size frames in frameless ALOHA. Instead, users attempt to transmit their packets during one contention round that is a set of time slots where users are permitted to have their transmissions. Here, we denote the number of time slots in a contention round by M, which is not a priori determined and can vary from one contention round to another. In each slot of the contention round, say slot m, each user, say u i , attempts to transmit its packet by probability p i (m). Users continue their transmissions until they receive a beacon message from the BS notifying them about the end of the contention round 2 . Through the feedback from the BS at the end of contention round, users are also informed whether their packets have been successfully received by the BS or not. Users whose packets have not been resolved in a contention round may attempt to transmit their packets in the following contention round. Later in this section, we will discuss the stopping criteria used by the BS to terminate a contention round and start a new one.
Following the users' transmissions in a contention round, each arbitrary time slot has one of the following statuses: (a) no transmission (idle slot), (b) only one transmission (singleton slot), (c) more than one transmission (collision slot). To improve the throughout performance of the system, BS exploits SIC to resolve some of the packets received during the collision slots. To this end, the BS needs to store the received signals in the previous slots of a contention round. After the arrival of new time slot, the BS executes a round of SIC where it first resolves the collision-free packets from the stored and current received signals. Then, the BS cancels the corresponding interference of the resolved packets from collision slots. By doing such, some other singleton slots may appear making resolving some other packets possible. This process is iteratively repeated until no more packets can be resolved. At this point, the BS either terminates the contention round if the stopping criteria is met or waits for the next time slot to resolve further packets.
A toy example of SIC execution is shown in Fig. 1 . In this graphical representation, there are four time slots in the contention round. Users are on the left side of the graph and time slots are on the right side of the graph. In this graph, a user is connected to a slot if it has transmitted a packet during that time slot. First singleton happens in time slot s 2 which leads to resolving u 1 packet. Now, by canceling the interference of u 1 's packet from s 4 , s 4 becomes a singleton slot from which u 2 's packet can be resolved. Eventually, by canceling the interference of u 2 's packet from s 1 , u 3 's packet is resolved.
To explain the stopping criteria of the contention rounds, we first formally model the users' transmissions. Assume that u i wants to send its message, X i , to the BS in a contention round. The received signal in time slot m of the contention round at the BS, denoted by Y m , can be modeled as 3 
Clearly, at the end of a contention round, the achievable throughput, T, is equal to T I (M). Similarly, the fraction of resolved users at time slot m, F R (m), is defined as
Now, the fraction of the resolved users at the end of a contention round is
Now, we explain the stopping criteria based on T I (m) and F R (m) for ending a contention round at the BS. Andor-tree evaluations [16] of the frameless slotted ALOHA in [17] show that T I (m) and F R (m) both have an avalanche behavior versus the number of elapsed time slots. That is, a sudden jump from a low value to a much higher value is observed at a specific time slot. This comes from the inherent nature of SIC where suddenly a large number of users' transmissions are resolved by adding a single equation 4 . Further, the authors in [17] have shown that the avalanche point happens at the same time slot for both T I (m) and F R (m) most of the time. In addition, after the avalanche point, resolving the users' packets happens very slowly causing only marginal increment in T I (m) and F R (m). As a result, it is concluded that the throughput achieves its maximum right after the avalanche point. The only case that this does not hold is when T I (m) = 1. In this case, T I (m) reaches its maximum value, while F R (m) may not be at its peak. That said, the stopping criteria to terminate a contention round is when T I (m) = 1 or F R (m) reaches a threshold F. To ensure the maximum achievable throughput, in the original frameless ALOHA, F is found through a numerical optimization for different values of N as discussed in [17] . The optimized value for F is named F opt .
Modified frameless slotted ALOHA
In this section, we propose two new ALOHA schemes. Both of these schemes aim at improving the energy efficiency of the original frameless ALOHA protocol [17] without compromising the throughput. In the following, we first give the general intuition behind our schemes and then provide the details of these schemes later in this section.
Note that in the original frameless ALOHA protocol [9, 17] , p i (m) = p init for any i and m, where p init is a fixed probability assigned to the users by the BS. The value of p init is determined based on BS's estimation from the number of contending users N in a contention round [17] . To improve the energy efficiency, our proposed schemes benefit from adaptive access probabilities at the users. Similar to the original frameless ALOHA, the BS sends a beacon message to the users indicating the start of a contention round, as well as their initial access probability p init . That is,
After the first time slot, as time passes, each u i adaptively changes p i (m) in the following time slots of the contention round. More specifically, if the user had a transmission in the current time slot, it reduces its access probability for the next time slot. Also, if the user did not have a transmission in the current time slot, it increases its access probability for the next time slot. The intuition behind this approach is to increase the chance of successful transmission for those users that have not transmitted in the previous time slot by reducing the chance of collision from the users that already have transmitted. Note that for this to happen, the increase step should be smaller than the decrease step. This is to avoid many users having high access probabilities and thus to prevent having many collisions. While both proposed schemes adaptively change the access probability at the users to achieve energy efficiency, they follow different strategies. In the first approach, the steps are fixed over the whole contention round while in the second approach the step size is variable over different time slots.
Adaptive probability of access with fixed step size
In this scheme, we assume that the increase and decrease steps at all the users and in all time slots are α and αk 5 , respectively, where k is a positive integer. Similar to p init , both α and k are sent to the users by the BS at the start of a contention round. That said, the access probability of an arbitrary user u i at time slot m ≥ 2 is updated as follows:
In (6),
refers to the expected value andp(m) is the average access probability of the users at time slot m.
To better explain the scheme, we provide the flowchart representation of the scheme in Fig. 2 . The stopping criteria in our adaptive version of frameless ALOHA is the same as the original frameless scheme, meaning that the BS stops a contention round either if the fraction of resolved users reaches a desired threshold, F R , or if the instantaneous throughput reaches 1. Now that we have explained our approach, we are interested in improving its performance by optimizing the design parameters of the network, i.e., p init , F, α, and k. This optimization is done at the BS whose goal is to minimize the energy consumption of the network while achieving a required throughput T req . To make sure that our scheme is an improvement to the original frameless ALOHA, we want T req not to be worse than the maximum throughput of the original frameless ALOHA, denoted by T o .
Instead of using the consumed energy as the objective function of our optimization problem, we can focus on minimizing the average number of transmissions by a user during a contention round. Note that the consumed energy within the network is proportional to the average number of transmissions and this parameter works as a relatively accurate measure for the energy consumption in the network. To measure the energy consumption through the number of transmissions, we first define user degree d(i). This parameter represents the number of message replicas sent by an arbitrary user u i during a contention round. That is,
Thus, the average number of transmissions per user in a contention round, namely d N , is
Now, we formulate the following optimization problem to minimize the energy consumption in the network while ensuring a throughout as good as the original frameless ALOHA
The optimal solution of this problem minimizes the average number of transmissions needed by each user to guarantee a throughput of T o . We denote the optimal solution of the above problem by α opt , k opt , p init opt , and F opt . Further, the throughput achieved by the adaptive fixed step size approach and this set of parameters is called T a,f . Due to its underlying complex form, we are unable to find an analytical solution for the above optimization problem. However, the problem can be solved numerically. Details of this numerical solution is presented in Section 6. Note that this optimization problem is solved at the BS and then α opt , k opt , and p init opt are sent to the users at the start of a contention round.
Analysis of the average access probability
One way to achieve a better energy efficiency than the original frameless ALOHA is to ensure that on average, users transmit packets with lower probabilities than that of the original frameless ALOHA. This in turn translates into a lower number of transmissions in the network. For instance, let us assume that in both original and adaptive frameless ALOHA, users start from identical access probabilities at the start of a contention round. Now, if in the adaptive scheme, the average of the users' access probabilities is decreasing in m, i.e.,p(m) <p(m − 1), we are guaranteed to have less number of transmissions compared to the original frameless ALOHA. That said, in the following, we present the analysis ofp(m) and find a condition to enforcep(m) <p(m − 1). As we will see, satisfying this condition using fixed step sizes to adjust the access probabilities is very difficult. This would explain our motivation to propose second adaptive frameless ALOHA scheme featuring variable step sizes.
For the simplicity of presentation, let us first focus on p(1) andp(2) at an arbitrary user (see Fig. 3 ). Since the original access probability of all users is p init , we havē p(1) = p init . Now, if the contention round does not end after the first time slot (i.e., T I (1) = 1), the access probability in the second time slot has two possible values: it is either p init − αk if a transmission in the first time slot is made with probability p init , or p init + α with probability 1 − p init . Thus, In (10), we have accounted for the possibility of ending the contention round at the end of the first slot by multiplying
Since T I (1) = 1 happens when only one user transmits in the first slot, it is easy to show that
Now, let us consider an arbitrary time slot m > 2. In this time slot, there are m possible states (values) for the access probability at the users resulting from m − 1 access probability states at time slot m − 1 (Fig. 4) . We denote these states by S j m for 1 ≤ j ≤ m. That said, the user's access probability at state S j m , denoted by p(m, j), for any m ≥ 2, can be written as
Note that in (12) , p(1, 1) = p init . 
Note that in (13), we have q(1, 1) = 1 meaning that a user always start from state S 1 1 at the begining of a contention round. Here, (13) comes from the fact that the user's access probability is in state S 1, j) . Now, the average probability of access in time slot m is Here, P[ T I (i) = 1] is the probability of having T I (i) = 1. (14) guarantees that we never have reached the instantaneous throughput of 1 up until time slot m. Note that in deriving (12), (13), and (14), we have ignored the cases where the access probability at the user hits 0 or 1. However, we claim that ignoring these cases does not noticeably affectp(m). As we see later, α has a very small value, hence, observing p(m, j) = 1 is very unlikely. On the other hand, if for some state S j m , p(m, j) hits 0, since k ≥ 1 and α ≤ kα, states originated from S j m in the following time slots will have a small access probability oscillating between 0 and a small positive value. As a result, these cases can be ignored when we want to evaluatep(m). For the values of m where 0 or 1 are hit, to make sure that unaccepted probability terms (i.e., values less than 0 or greater than 1) are avoided, we set p(m, j) = q(m, j) = 0 if
or
In addition, to findp(m) from (14), one should find
for a general i is equivalent to finding the probability of having a full-rank i × i matrix whose elements are randomly selected (with different probabilities though) from {0, 1}. Finding the rank of a matrix with random elements is quite challenging and requires a very involved derivation. That said, a closed-form solution for P[ T I (i) = 1] is significantly difficult to find. However, it can be verified through numerical analysis that P[ T I (i) = 1] for i > 3 is often very small, e.g., in the order of 10 −5 or even smaller for a typical value of N. Thus, we use the following approximation forp(m) in the rest of the paper:
To evaluatep(m) from (17) , it suffices to only analytically find P[T I (1) = 1] and P[T I (2) = 1]. Here, P[T I (1) = 1] is found according to (11) . Further, it can be shown that
Using the above analysis, we can derive a sufficient condition such thatp(m) <p(m − 1). To this end, we only focus on m > 3 which is of our interest 6 . That said, using (12), (13) , and the average access probability given in (17) for m > 3, one can show that
Now, to havep(m) <p(m − 1), the following condition should be satisfied:
While (20) gives a very simple condition for choosing k (and hence simplifying the optimization in (9)), satisfying the condition on k with a fixed step size becomes increasingly difficult as k grows very fast with m. To overcome this challenges, we propose the second adaptive frameless ALOHA approach that benefits from variable step sizes to ensure (20) is satisfied.
Adaptive probability of access with variable parameters
To ensure that the condition in (20) is satisfied, the idea here is to let k change adaptively (denoted hereafter by k i (m) for i ∈ N ), so that a decreasingp(m) is always guaranteed. That is, an arbitrary user u i updates its access probability as
for any m ≥ 2. To ensure thatp(m) is decreasing in m and using (20), k i (m) is determined as
Further, to guarantee 0 ≤ p i (m) ≤ 1, we should have
and
Satisfying the condition in (24) using fixed α i (m) also becomes increasingly difficult as m increases unless a very small fixed α i (m) is chosen from the beginning. Choosing such a small value, however, may not give a good throughput or energy performance. Therefore, at the beginning of the contention round, all users set α i (1) = α where α is determined by the BS and sent to the users at the start of the contention round. Now, as time passes (i.e., m increases), α i (m) is set as follows
where β ≤ 1 to satisfy (24). In this work, we assume β = 0.95. Note that for any m, both α i (m), and k i (m) are found locally at the users. Figure 5 summarizes our proposed schemes with variable step sizes.
To get the best energy saving out of the system, one can optimize the parameters of this approach. The optimization formulation is similar to (9) ; however, the optimization parameters are reduced to α, p init , and F R 7 . Thus, the intended optimization problem is formulated as
The outputs of this optimization, α opt and p init opt , are transmitted to the users by the BS at the start of a contention round. Also, F opt will be used as the stopping criterion for F R at the BS. We call the throughput achieved via using these optimal parameters T a,v .
Simulation results
In this section, we compare the original frameless ALOHA with our proposed adaptive access strategies in terms of both throughput and energy efficiency. The results of this section are obtained by averaging over 10,000 realizations of contention rounds for N ∈ {25, 50, 100}.
In our simulations, we compare several measures of these schemes. For throughput, we consider the average throughput of the system, denoted byT. For original frameless ALOHA, first adaptive approach, and second adaptive approach,T is found by averaging T o , T a,f , and T a,v over all simulation runs respectively. We call these average valuesT o ,T a,f , andT a,v . We also present the average number of transmissions by each users, denoted bȳ d N , that is found by averaging d N over all runs.
In addition, we compare the average probability of transmission over all users and time slots, denoted by p t , for different schemes. Here, p t is found as
We call the average of p t over all simulation runsp t . Another measure isF R that is the fraction of resolved users averaged over all the runs. Finally, we define L = M N representing the normalized length of a contention round. We also present the results forL, the average of L over all simulation runs.
In our simulations, SIC is executed at the BS to resolve the users' transmissions. Further, the optimization problem associated with each scheme is solved at the BS and the results are sent to the users at the start of the contention round. To solve the optimization problem for each value of N, we run a grid search over the optimization parameters for 10,000 times. The set of parameters that give the highest average for the objective function over these runs are then selected as the optimal parameters. For the grid search to optimize our proposed schemes, we use the parameters of the original frameless ALOHA [17] . To find the optimal values of α and k (for the first adaptive technique), we use an iterative grid search with adaptive mesh refinement to and {20, 40, 60, 80, 100} for k. Then, we pick the point that maximizes the throughput over this coarse grid and form a (finer) grid in the vicinity of this point with again five points at each dimension. We continue searching and then refining the grid to the point that no significant change in the throughput is observed. We emphasize that the associated throughput with each of the grid points is found by averaging over 10000 runs. Note that if the number of users does not change between the contention rounds, which is often the case in moderately dynamic networks, same optimal value can be used for all contention rounds.
The simulation results for different schemes are presented in Tables 1, 2 , and 3 as well as Fig. 6 . By comparing the results in these tables, we can see that both adaptive schemes decrease the average number of transmissions in the network. This can be seen through the decrease in the values ofd N andp t . Further, the adaptive schemes tend to use shorter contention rounds compared to the original frameless ALOHA and often terminate the contention round earlier. This is seen by comparingF R andL for the schemes.
The results for the energy consumption saving through our proposed schemes are presented in Table 4 . The results in this table are derived by comparingd N for the adaptive schemes with the one for the original frameless ALOHA. From this table, we can observe that both schemes provide a significant energy saving over original frameless ALOHA especially for small-and medium-sized networks. In addition, it can be seen that the adaptive scheme with variable step sizes results in a higher level of energy saving compared to the adaptive approach with fixed step sizes. For instance, when N = 50, the second proposed adaptive approach achieves the outstanding amount of 19.5 % in energy saving over the original frameless ALOHA. It is worth mentioning that the second approach achieves such a superior performance over the first approach with a lower optimization complexity. That is, allowing variable step sizes not only improves the energy efficiency but can also reduce the implementation complexity at the BS for an adaptive frameless ALOHA scheme.
Simulation results forp(m) is presented in Fig. 6 for N = 50. For the original frameless ALOHA, users stick to a fixed transmission probability over all time slots. For the first adaptive approach, the average access probability sharply decreases at the beginning. However, for larger values of m, the condition in (20) is violated owing to using a fixed k, and consequently,p(m) switches to a slow increasing trend. As seen in this figure, for the second adaptive approach,p(m) always has a decreasing trend over the contention round as a result of using variable step sizes.
Conclusions
In this work, we focused on improving the energy efficiency of frameless slotted ALOHA. To this end, we first proposed an adaptive scheme where the access probability at the users are adjusted with fixed step sizes to achieve better energy efficiency in the network. We then presented the analysis of the average access probability for this scheme. Using this analysis, a condition for ensuring a decreasing trend for the average access probability was derived. Difficulty of satisfying this condition through the adaptive scheme with fixed step sizes motivated us to propose our second adaptive approach where step sizes are variable. Through simulation results, we showed that the second approach results in a better energy saving over the first approach with even a lower computational complexity. The adjustments in the access probability at the users is done locally making our proposed schemes suitable for implementation in applications like RFID, M2M, and sensor networks. For future research direction, we will focus on addressing the effect of dynamic change in the number of users on our adaptive schemes and try to address this challenge accordingly.
Endnotes
1 For dynamic networks where the number of users changes, an approach similar to the one proposed in [18] can be used to estimate N. An interested reader can also refer to [17] where the effect of imperfection in the estimation of N has been studied on the performance of the frameless ALOHA. 2 Frequency division or time division duplexing may be used to enable receiving the BS beacon message and transmitting packets by the users at each time slot. For more details, see [9] . 3 Our system model refers to higher layers where we are not concerned about the physical layer effects like fluctuation in the channel gain and noise. 4 Similar phenomenon happens in decoding based on iterative belief propagation [19] . 5 This is assumed for the sake of simplicity and any positive real number β > α can be assumed as the decrease step. 6 For a contention round, it happens very rarely to have M ≤ 3. On the other hand, these occasional cases already have a good energy efficiency that cannot be further improved using our approach. 7 Unlike (9), the BS does not need to optimize k.
